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Metal halide material is the most promising semiconductor for photovoltaics. However, 
some serious issues on the solar cells have been pointed out. One is the expensive transparent–
conductive oxide layered (TCO) glass and the other is toxic lead whose use is limited. In this 
thesis, studies are focused on the light harvesting layer with three aspects to try to remove 
expensive TCO layer, and reduce or replace Pb in the active layer in conventional SCs.  
Firstly, efficient TCO-less back-contacted perovskite solar cells is developed to remove 
TCO layer. The cell is composed of glass substrate/ mesoporous TiO2-PVK/porous-Ti (bottom 
electrode) & PVK/ ZrO2-PVK nanocomposite/Gold (top electrode). Up to 3.9 % efficiency is 
obtained. The Ti with the native oxide on the surface enables the separation of the generated 
electron-hole pairs and the selective collection of the electrons. Meanwhile, the filled 
perovskite crystals inside porous pave the way to transport holes and then, collected by the 
gold top-electrode.  
Secondly, in order to make perovskite film thin, silver-gold hetero-dimer is embedded in 
the active layer of solar cell, which can lead to excellent absorption because of the plasmon 
intercoupling effect. The incorporating random gold-silver hetero-dimer (diameter: 80 nm, 
gap-distance: 25 nm) in a 150 nm perovskite layer gives an excellent absorption, which equals 
the absorption for a common 350 nm perovskite film. These results show the possibility of 
reducing the light harvesting layer, especially to reduce the amount of toxic lead in perovskite-
based devices.  
At last, lead-based material is completely replaced with non-toxic bismuth based metal 
halide semiconductor. And we provide a novel solution-proceed preparation method by using 
HI assisted DMA solvent to completely dissolve BiI3 powders. Meanwhile, solvent vapor 
annealing (SVA) with Tributyl phosphate (TBP) yields high quality, well arranged crystals of 
copper bismuth iodide. The high vapor pressure of TBP enables the whole low-temperature 
film preparation. The large grain size prepared from high precursor concentration enlarges the 
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The driving force behind our rapid development of modern civilization strongly depends on 
the conversion of energy on earth, which is also regarded as the only universal currency. 
Humans have to rely on a series of energy conversion, including the conversion of oil to heat, 
electricity and photosynthesis, which convert solar energy into oxygen, biomass and so on. 
However, the increase of global population and industrialization lead to the exhaustive 
exploitation of the nonrenewable energy resources such as oil, carbon, coal, petroleum and 
natural gas, which face serious challenge. The estimated amount of the crude oil reaches more 
than 135 billion tons since 1850s the first year to start commercial drilling. Moreover, 
according to Intergovemment Panel on Climate Change (IPCC) report, the global warming by 
burning fossil fuels, carbons have increased the average temperature from 0.32 0C to 1.71 0C. 
Future climate will cause harmful effects such as sea level rising and deserts expanding.  
Therefore, some of these energy supplements have to be replaced with renewable energy 
sources, which are eco-friendly to environment. Solar cells are the most promising energy 
source, which directly convert solar energy from sun into electricity via the photovoltaic effect. 
The solar cell emerged in 1839 and have been applied in many places recently, and the price is 
sharply decreasing to 0.31$ in 2015.   
1.1 General classification of solar cells 
According to the solar cells (SCs) technology, SCs can be generally divided into three 
generations. The first generation is based on PN-junction and involved silicon wafer, of which 
power conversion efficiency is more than 25 %.1 These silicon based SCs dominate and 
contribute to more than 87 % of global SCs market since silicon is the non-toxic, stable and 
abundant element. Additionally, silicon with energy band gap of about 1.12 eV (1107 nm cut-
off light wavelength) covers almost the main whole solar spectrum. There are typically two 
types of silicon solar cells (SCs) including monocrystalline, polycrystalline silicon cells. 
Among them, monocrystalline SCs are most efficient, which use the mature growth technology. 
In order to reduce the cost, multi-crystals are used instead of single crystal. But their 
performance are always lower than that of single crystal.  
Although the great achievement of power conversion performance is obtained for silicon 
SCs, the fabrication methods involved very expensive equipment and complex procedure 
motive the second generation SCs. They include amorphous silicon, copper indium gallium 
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selenide (CIGS) and Cadmium telluride photovoltaics (CdTe), where the typical performance 
is within the range of 10 – 20 %.2-3 Compared to first generation, the absorber layer is thinner 
and amorphous silicon SCs are further more economic. Moreover, the thin-film also gives 
flexibility.  CaTe SCs are also based on pn-junction, in which Cadmium sulphide behaves as 
the n-type material. This type SC represents the second largest commercial market after silicon 
SCs.  Due to the low temperature coefficient of CdTe compared to silicon, the cell enables 
more than 66 0C working temperature and keeps lower than 8.5 % loss of efficiency, while 
silicon SCs will suffer more than 19 % loss. The above factors are beneficial for solving the 
rising global warming and wide industry application. The main disadvantage of CaTe SCs is 
to contain harmful Cd metal. Meanwhile, for amorphous silicon SCs, they always gives lower 
efficiency. 
Although, compared to the first generation, the fabrication of second generation SCs is less 
expensive and easier. But they still need special conditions such as high vacuum, high thermal 
treatments, which consume extra energy. In addition, CIGS and CdTe involve rare and 
expensive elements on earth, which further limit their commercial applications. The above 
factors motive the emersion of the third generation, which are mainly based on organic 
materials such as small molecular or polymers. Besides organic photovoltaics, the third 
generation SCs include the dye sensitized solar cells (DSSCs),4-5 whose studies started in the 
early 1990s. In DSSCs, the active material is dye molecules, which absorb the incident sun 
light. Unlike all solid state SCs, the organic solvent are included, in which iodide-triiodide 
redox couple is resolved. The best device efficiency so far is around 11 %. Another important 
third generation SCs are perovskite SCs especially MAPbI3 based SCs. The boost efficiency 
of perovskite SCs within decades gives the most promising in economic SCs.  
In order to overcome Shockley–Queisser limit (around 30 %) of theses single bandgap 
active material SCs, tandem cells with multi-layers are under intensive interest. In this type 
SCs, usually active layers are arranged with its energy gap to make sure short-wavelength 
region of the incident light can be absorbed before long-wavelength. This is because the 
transporting length for short-wavelength is relative shorter than long-wavelength. And the 
relative valence bands and conductive bands of the selected active materials should satisfy both 
smooth transportation of electrons and holes between all the interfaces. Besides the tandem 
SCs, the developed technology including hot-carrier effects, multiple-carrier ejection and 
frequency conversion are further studied to enhance the power conversion efficiency. 
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1.2 Metal halide materials and preparation methods 
1.2.1 Materials 
Figure 1 shows the typical structure of metal halide perovskite material. The perovskite 
represents the ABX3, where A usually represents the monovalent cation including organic 
small cation Methylammonium (MA+), Formamidinium (FA+) and inorganic cation such as 
Cs+, Ag+ and so on, B is the metal cation (Pb2+, Sn2+, Sb2+, Ge2+ and so on), X is the halogen 
anion (I-, Cl-, Br-) or halide mixed. The perovskite crystal structure is of cubic and the structure 






where  𝑟𝐴, 𝑟𝑋, 𝑟𝐵 are the corresponding atom ionic radius. The perfect value is 1. And the range 
0.8-1 is acceptable for perovskite structure, while too large or too small will not lead to 
perovskite structure. Large value is usually beneficial for material synthetization and film 
preparation. For the MAPbI3, the tolerance factor is 0.92, which is very stable for the structure. 
 
Figure 1.  Schematic of the typical ABX3 perovskite crystal structure.  
Table 1 shows the recent reported metal halide materials including the perovskite materials 
with the detail energy gap and efficiency.  Vacancy-ordered perovskite, double perovskite and 
two-dimension perovskite are also listed. Compared to the more than 21 % high efficiency of 
 4 
 
lead based solar cells, lead-free materials including tin, bismuth, and antimony based 
photovoltaics give relative low efficiency. Among the lead-free materials, tin based SCs yield 
around 7 % efficiency, which is better than that of bismuth and antimony based SCs. In the 
absolute non-toxic materials (tin based compounds are unstable and show harmful in human 
health), bismuth based materials are the most promising candidates.  However, considering 
their low efficiency, further development is needed. 
Table 1. Recent reported metal halide materials 
Family Compound Energy gap (eV) Efficiency (%) 
Perovskite 
MAPbI3 1.55 219 
MAPbBr3 2.18 7.1110 
MASnI3 1.23 6.411 
FASnI3 1.22 912 




Cs2SnI6 1.26 6.9414 
Cs2SnBr6 2.7 0.0415 




Cs3Bi2I9 2.2 1.0916 
MA3Sb2I9 2.14 0.517 
MA3Bi2I9 2.1 0.1216 
Rb3Sb2I9 2.1-2.24 0.6618 
Double perovskite 
Cs2BiAgBr6 1.95 2.519 
Cs2BiAgCl6 2.27 - 
Others 
AgBi2I7 1.87 1.2220 
HDABiI5 2.1 0.02721 
 
1.2.2 Preparation of thin-film of metal halide materials 
1.2.2.1 Solution-proceed method  
Planar films of halide materials are typically fabricated by one-step or two-step solution 
proceed methods.22 The detail of a one-step method is shown in Figure 2a. First, samples are 
spin-coated of precursor solution of metal halide materials on the substrate. And then they are 
heated at proper temperature to completely remove the solvent. N,N-Dimethylmethanamide 
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(DMF), Dimethyl Sulfoxide (DMSO), Dimethylacetamide (DMA), Tetrahydrofuran (THF) 
and γ-butyrolactone (GBL) are employed as the solvent. After spin-coating, a saturated uniform 
complex film of organic solvent-metal halide material forms on the surface. After that, thermal 
heating is applied to completely remove solvent. It involves two stages of crystal growth. At 
first, seeds are formed on the surface of the substrates. And then, crystals grow larger.  When 
the formed film morphology has pin-holes, solvent vapor annealing or anti-solvent method 
technology is applied for improving the film morphology. 
 
Figure 2. Schematic of one-step (a) and two-step (b) preparation method for MAPbI3. 
Figure 2b shows a two-step method in detail. After the spin-coating of the inorganic metal 
based participant (PbI2) on a substrate, the sample is put on the hotplate to remove solvent. 
Then, the sample is immerged in the other participant solution (CH3NH3I/IPA) and wait for 
enough time (20s) to transform to MAPbI3. After that, it dipped into the solvent to remove the 
extra MAI and spun. Finally, the sample is heated to remove all the solvent. It must be noted 
the solvent for the second participant should not dissolve the first layer. For MAPbI3 film, PbI2 
is usually dissolved in DMF, while MAI in IPA. PbI2 and MAPbI3 have low solubility in IPA. 
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To overcome the poor morphology and coverage, anti-solvent technology is one of the most 
frequently used approach applied in one-step method,23-25 which optimize as-prepared film 
before heating. Figure 3 shows the anti-solvent method process. The whole process can be 
divided into two time-steps during the spin-coating. The prepared solution was dropped on the 
substrate and spun for enough time to cover the whole surface and then the anti-solvent is 
casted on the surface in one shot during the spinning, which will extract the solvent and make 
the film thin. The chosen anti-solvent for the anti-solvent method is the solvent which have 
excellent miscibility with the solvent of the as-prepared solution and meanwhile has very low 
solubility of the metal halide material.  
 
Figure 3. Schematic of anti-solvent technology to improve morphology of film. 
This technology will form super saturated complex intermediate film without almost no 
extra mobilized solvent compared to the as-prepared film via one-step method. It leads to dense 
uniform seeds on the surface, which is beneficial for uniform dense high quality crystals. 
Generally, the size and density of the formed seeds strongly depends on the chosen anti-solvent, 
of which boiling point and miscibility are the two main factors. A series of anti-solvent for 
metal halide material are reported, which include trifluorotoluene, toluene, dichloromethane, 
esters and chlorobenzene. Taking ether for example, its low boiling point yields very poor 
coverage for MAPbI3. It is mainly due to the too fast evaporation and solvent extraction. The 
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selection of useful anti-solvent should consider the confliction between the extraction and 
crystal growth. And different metal halide material and different solvent have different 
optimum anti-solvent. 
Another frequently applied technology to improve the surface morphology and increase the 
grain size of the growth film of metal halide material is solvent vapor annealing method (SVA). 
SVA method is reported to improve the morphology mainly by suppressing the fast 
crystallization. As shown in Figure 4, sample is put on a holder in a container and surrounded 
with solvent vapor. Sometimes, for high boiling-point solvent, vapor is generated by thermal 
heating.   
 
Figure 4. Schematic of solvent vapor annealing method. 
The solvent vapor can greatly enlarge the grains to several micrometers without pin-holes. 
In addition, for co-solvent (more than two solvents), it overcomes the varied evaporation rate 
of each individual solvent with different boiling point, when using the traditional thermal 
annealing. For example, co-solvent of DMF (boiling point: 153 0C) and DMSO (boiling point: 
189 0C) is frequently used to completely dissolve the MAI and SnI2 during the fabrication of 
MASnI3 devices.26-27 And their different boiling points lead to different evaporation speeds 
during thermal annealing.  
The selected solvent for SVA replaces and extracts the remained solvent of the as-prepared 
film via miscibility.  Therefore, to obtain the best effect, the selection of solvent should consider 
the vapor pressure, boiling point and miscibility.  
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There are lots of other factors to influence the quality and morphology of the grown film 
such as vapor annealing time, temperature and the amount of solvent.28  
1.2.2.2 Physical preparation method  
To improve the gran size and morphology of the grown film, physical preparation method 
vapor assisted growth is recently reported.29 Unlike the vapor of solvent in SVA, high 
temperature is needed to evaporate the solute. As shown in Figure 5, after spin-coating of PbI2 
precursor solution and following thermal annealing, a uniform PbI2 film forms on the substrate. 
And then, the sample is put into an oven surrounded by MAI vapor, which is generated by 
heating MAI up to 200 0C.  
 
Figure 5. Process of physical method (vapor-assist growth method) to grow high quality 
MAPbI3 films. 
The MAI vapor is introduced to interact with PbI2 and finally yields MAPbI3.29 Meanwhile, 
the whole reaction and the sample should be kept in such high temperature for enough time to 
complete the crystallization. Such high thermal energy will greatly enlarge the diffusion of 
nucleation, fuse neighbor grains and rearrange the crystal growth direction. Compare to 
solution-proceed methods, this vapor assisted growth method usually involves extreme 
conditions such as high-vacuum or high-temperature equipment, which limit their applications. 
1.3 Structure and principle of metal halide solar cells  
The structure of planar metal halide solar cells are mainly divided into four types structures.  
Figure 6a, 6c show the typical planar structure with and without porous scaffold.  Conventional 
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planar devices are composed of transparent conductive oxide (TCO)-glass/ electron transport 
material (ETM)/ perovskite with mesoporous layer / hole transport material (HTM)/ electrode 
(gold or silver). Incident light is introduced from TCO/ETM side.  
 
Figure 6. Schematic of devices structure, (a) and (c) are the normal planar SCs with and 
without mesoporous layer, while (b) and (d) are the inverse planar structure with and without 
mesoporous layer.  
Figure 6b, 6d show the invers planar structure with and without porous scaffold. Inverse 
planar devices are composed of FTO-glass/ hole transport material (HTM)/ perovskite with 
mesoporous layer / electron transport material (ETM)/ electrode. Incident light is introduced 
from TCO/HTM side. The main difference between typical structure and invers structure is the 
opposite direction of the generated electric current, when exposed to sun light.  
Figure 7 gives the energy diagram of the frequently used TCO/HTM/ETM materials. 
Usually, TiO2, ZnO, SnO and PCBM act as ETM, while NiO, Spiro-OMeTAD, PEDOT:PSS 
and CuI are utilized as HTM. There are two frequently used TCO including Indium tin oxide 
(ITO) and Fluorine-doped tin oxide (FTO). The embedded mesoporous layer are nano-particles 
made of metal oxide materials including HTM or ETM materials. This mesoporous layer is not 
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only used as a skeleton to fill the grains of metal halide material but also acts as selective layer 
to immediately transport the generated carriers.   
 
Figure 7. Energy diagram of the recent used TCO, HTM and ETM materials. 
The transmittance of TCO layer directly determines the amount of light to the light 
harvesting layer.  The recently reported metal nano-mesh and nanowire provide alternatives. 
These kinds of TCO enable more flexibility than conventional ones. But the transmittance are 
relative low. Gold and silver are the frequently used back-electrode. And silver has higher 
conductivity than gold, while gold is more stable than silver since silver is easily to be oxidized, 
especially the thin silver layer. Spiro-OMeTAD used as HTM gives high performance. The 
additives including lithium-bis-trifluoromethanesulfonyl-imide (LiTFSI) and tert-
butylpyridine (TBP) are commonly used as additives to increase the carrier concentration.30 
The mechanism of carriers collection is shown in Figure 8. Sun light is introduced from 
TCO and harvested by metal halide material, which converts light energy and generates hole-
electron pairs. Electrons diffuse in perovskite layer, selective separated by ETM layer and 
finally collected by TCO layer. Hole carriers are transported though HTM layer and collected 




Figure 8. Schematic of energy diagram of devices. Solid lines show the transportation of the 
generated carriers, while dash lines show the possible recombination within device. 
During the carrier transportation and generation, there exist three kinds of recombination of 
electrons and holes inside perovskite and at the interfaces. The defect density in perovskite 
crystals provides a trap-assisted recombination. And the defects at interfaces of ETM/ metal 
halide and metal halide/ HTM also recombine the generated carriers during their 
transportations. All these undesired kinds of recombination significantly affect the 
performance of devices. So, engineering of interfaces such as reducing the difference of 
valence bands of metal halide/ HTM or conductive bands of ETM/ metal halide are under 
intensive interest, which can realize the smooth carrier-transportations. In addition, improving 
the film quality of HTM and ETM are also beneficial for reducing the recombination. 
1.4 Objective of this study 
Although, metal halide solar cells, especially MAPbI3 perovskite solar cells have gained 
excellent performance, there still exist two main issues. One is the relative expensive TCO 
layer and the other is the toxic lead in MAPbI3 solar cells. The objective of this thesis is 
focusing on the optimization of light harvesting layer in three aspects aiming to solve these 
issues. First, a novel TCO-less back-contacted SCs by incorporating nanomesh like porous Ti 
electrode in active layer is provided to completely remove the expensive TCO layer. This 
structure overcomes the energy loss of incident light when transporting through TCO. Second, 
an efficient ultra-thin perovskite device by inter-coupling of the embedded hetero-dimers is 
given, which greatly reduce the amount of toxic lead in MAPbI3 solar cells. At last, a bismuth 
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2. Mechanism and characterization 
2.1 Crystallization of metal halide materials 
The whole film growth shows a very complex procedure from molecular (zero-dimension) 
to film (three-dimension). The general mechanism behind the thin-film growth of metal halide 
material on substrate via nucleation and crystal size growth processes is shown in Figure 1. 
The dropped solution disperses on the substrate surface. After the traditional treatment such as 
spin-coating, the solution on the surface become saturated. Metal halide material molecules 
favor on the surface, and then move and collide to form the initial clusters. Because of the 
energy unfavorable of such small size, these clusters tend to grow in size with the supplement 
of solute molecular and finally reach a critical size1-4. The formed seeds are initially located 
randomly on the surface and finally cover the whole surface, of which density and average size 
strongly depends on the involved energy such as thermal energy and solubility. Meanwhile, 
seeds generally grow random crystals and arrange randomly. Therefore, additional energy is 
necessary to increase the order such as temperature or the introduced chemical bond of the 
solute molecular with the substrate. 
The removal of the solvent will further increase the collision of seeds and grow larger and 
larger as the surface energy decrease with size. The generated grains form initial islands, which 
will be connected and fused with each other to become the final film. Random arranged crystals, 
the undesired defects and pin-holes sometimes appear inside the film. Meanwhile, the final 
grain size strongly affects the carriers mobility (including electrons and holes), lifetime and 
influence the photoelectric properties. To make uniform and high quality film, additional 
energy such as increasing the annealing temperature is necessary. At last, the completely 
removal of solvent yields the final film. 
Generally, there are lots of factors that determine the final morphology and properties of the 
crystal growth. First, the surface of the substrate should be enough wettable to the solution. 
And the average absorbing energy of molecular and surface should be lower than the 
interaction between molecules. Thereby, the formed collides will be favorable to locate on the 
surface and form uniform dense seeds. Second, the material should have enough tolerance to 
overcome the produced stress within crystals. Third, the speed of removing solvent during the 
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whole process should enable enough time for molecular self-assembly as the surface diffusion 
length l is dependent on the available diffusion time t. It is shown as follows: 
𝑙 = 𝛼√Γ𝑡  
where Γ is the jump-hopping rate, a is the average path length for each jump. 
 
Figure 1. Schematic of crystallization process of metal halide material thin-film. 
The surface-roughness of the final film is a very important physical parameter, which 
someway depends on the initial nucleation and the metal halide material properties. The small 
critical size of the formed seeds tends to form small grains, which is unfriendly with the carrier 
diffusion length and mobility. And high concentration (solubility) usually yields dense initial 
seeds on the surface, which turns to be smooth and high coverage continuances thin film. On 
the other hand, the material with low solubility but large critical size of seeds turns to be large 
grains but discontinued ununiformed film. Therefore, the optimization of solubility and critical 
size of seeds are very important to obtain high coverage and large grains of the growth film. 
2.2 Mechanism of spin-coating process 
Spin-coating is a low-cost, highly reproducible film preparation method, which utilizes 
centrifugal force to disperse precursor solution.5-7 And meanwhile, the evaporation of solvent 
during the process leads to the intermediate film.  Figure 2 shows the general spin-coating 
process and schematic of the spin-coater. Usually, the differential pressure between outside 
and inside produced by continuous pumping strongly attached the sample on the holder. It 
provides enough frictional force to overcome the centrifugal force on the sample especially for 
the asymmetric location under high spinning speed.  
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Generally, there are two steady speeds during the spinning.1,8 After dropping enough 
solution, the angular velocity of the sample accelerate from zero to the low-steady speed ωl 
and maintain for t2 time. The generated centrifugal force on the solution spread and flat solution 
on the whole surface. Subsequently, the high centrifugal force induced by the high angular 
velocity ωh at next stage further shrink and thin film for t1 time, which meanwhile gives time 
to evaporate solvent and finally leave a uniform film. 
 
Figure 2. Schematic of spin-coater and spin-coating process. 
There are many factors to influence the thickness and uniformity of the prepared film. 
Higher spinning speed and longer time treatment will make the film thinner, which is 




The frequently used low-spinning speed at the first stage is about 500 rpm, while the high-
spinning speed at the second stage is within the range 1-8 k rpm, of which uniform, good quality 
film can be relatively easily achieved.  According to the above equation, the final thickness is 
within the range 0.7-0.25 of that at the first stage. For 1M MAPbI3 solution, 500 rpm/ 6 k rpm 
usually leads to around 350 nm perovskite film. 
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In addition, thickness of the final film is as a function of the precursor concentration and 
strongly depends on the properties of the solution including solvent evaporation rate,9 viscosity. 
The thickness of the film is also influenced by the surrounding atmosphere including the room 
temperature and humidity near the substrate, which affect the evaporation rate of the solution 
during the spinning. Generally, the precise thickness are varied with solution of different 
materials even with same precursor concentration. To obtain uniform film, relative steady 
atmosphere such as low airflow surrounding the sample should be maintained during the whole 
spinning. The acceleration during spinning especially at the first stage depending on t2 and 𝜔1 
is another factor to influence the final film. Generally, the spinning acceleration is linear with 
differential angle velocity. The acceleration strongly determine the amount of remaining solute 
since most of the dropped solution is casted out when acceleration starts. In addition, twisting 
force generated by this acceleration improves the dispersion of solution in tangential direction.  
Surface tension of precursor solution on the substrate is another factor to affect the final 
film, which determines the spreading speed of solution during spinning. In addition, both the 
properties of substrate and solution give the surface tension. And wettable surface is necessary 
for good film, while too high speed of solution lead to inadequate volume of solute. Figure 3 
shows three kinds of undesirable films.  As in Figure 3a, bubbles like spots on wafer surface 
of sample is usually induced by air bubbles in the spread solution after dropping or by the dirt 
or the defect surface on the uncleaned sample. In addition, Figure 3b shows that too high 
evaporation rate or velocity always leads to stripe like sample, which can be also induced by 
too high acceleration or too fast spinning. The uncompleted coverage situation in Figure 3c is 
mainly caused by the not enough volume of the scatted solution. In addition, the unbalance 
location of sample will lead to inhomogeneous film. Figure 3d gives the desired perfect sample. 
The thickness of the inside region near the center is slightly thinner than outside.  
 




2.3 Morphology characterization 
It is very important to study the morphology of the grown film, especially the grains to 
precisely control the preparation process. Moreover, morphology affects other physical 
properties as well as the final power conversion efficiency of devices. 9-11 
Optical microscope is frequently used to roughly observe the uniformity, pinholes and 
coverage. This type of microscope as the mature observation microscope utilizes a series of 
lenses and visible light to magnify the details on the surface. Optical images yielded from 
traditional optical microscope are usually generated via photosensitive cameras. The recent 
integrated charge-coupled device (CCD) enables the digital photos, which can be dynamically 
captured and put on the screen during the observation. The ocular and objective lens in the 
machine determine the actual magnification value. Precisely, the product of them gives the 
final magnification value. Until now, the maximum 1 k is given by 10x and 100x for ocular 
and objective lens respectively. The resolution of the optical microscope can be calculated by 
𝑟 = 𝜆/2𝑁𝐴, which is determined by the wavelength of incident light and the microscope 
numerical aperture (NA). Therefore, it cannot tell the fine detail, which is smaller than 
approximate 0.2 um. It is around half of the shortest visible wavelength 400 nm (NA=1 the 
best).  
As nano poly-crystals are usually obtained in the typically prepared metal halide material 
film, sub-1 um microscope is needed to further observe the detail morphology of crystals. 
Scanning electron microscope (SEM), which can detect around 1 nm at most, is frequently 
used. The interaction of the atoms near the surface of sample with the high energy electron 
beam generated by electron gun and accelerated by high bias voltage generally yields five main 
types of signals such as Auger elections, secondary electrons (SE), back-scattered electrons 
(BSE), cathodoluminescence (CL) and transmitted electrons.  For SEMs, images come from 
the signal of the collection and analyzation of SE. Since, the wavelength of high energy 
electrons is very short, ultra-high resolution around 1nm details can be revealed. In addition, 
BSE, which is scattered from the location deep inside the measured sample, is related to the 
atomic number. Therefore, it can give the detail elements distribution of the measured sample. 
To observe and analyze the morphology of the surface, films should be electrically 
conductive enough and prepared on the conductive substrate or stick on the holder with 
conductive glue  to avoid the over cumulative electrons on the sample. And for the unconducive 
sample, SEM produces unclear image and the electron beam will probably damage the focused 
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surface. Sometimes, unconducive samples are coated with thin gold layer on the surface by 
thermal evaporation to yield clear SEM image. As the wavelength of the generated electrons 
limit the final resolution, high voltage is needed for high resolution images. 
Although, high resolution can be obtained by SEM, the details around 1nm or sub-1nm of 
the sample is not clear. Another microscope called Scanning Tunneling Microscope (STM) is 
needed.12-16  STM can even roughly tells individual atoms on the surface. Moreover, unlike the 
needed vacuum condition in SEM, TEM can work in both vacuum and varied ambient 
condition including liquid and air. It is also available under high temperature. The mechanism 
behind STM is electron quantum tunneling. When the distance between conductive tip and the 
surface of the sample is very small and a voltage bias is applied between them, electrons can 
be allowed to tunnel and form the tunneling current signal. Usually, the conductive tip is very 
sharp and only several atoms exist on the top.  This tunneled current is strongly determined by 
the distance. Therefore, morphology on the surface is observed. And to obtain the image, the 
conductive tip is moved across the surface (fixed the sample) or the sample is moved (fixed the 
tip) with very tiny step-width. The disadvantage is the needed very clean, stable sample. And 
the whole equipment is under extreme situation including perfect balance with very tiny 
vibration. 
2.3 Optical properties 
2.3.1 Absorbance, transmittance and reflectance 
Figure 4 shows the absorbance of film, which demonstrates the energy loss of the incident 
light when through materials, and its relationship with intensity of incident light 𝐼0 and the 
transmitted intensity 𝐼𝑡 is represented as follows:
17-21 
𝐴𝜆 = −𝑙𝑜𝑔10 (𝐼0/𝐼𝑡) 
 There is a relationship between the thickness of the measured film and the absorbance, 
which is expressed by the Beer-Lambert Law, A ∝ ϵb, where ϵ, b are the molar absorptivity, 
path length of the measured film respectively. According to the equation, absorbance is directly 
proportional to light transmitted length (directly determined by the film thickness). Zero 
thickness gives the same 𝐼0  and 𝐼𝑡 , which leads to zero absorbance, while long enough 
thickness (∞) make all incident light are absorbed and zero 𝐼𝑡  is observed, which leads to 




Figure 4. Absorbance, reflectance and transmittance of film.  
Additionally, the energy bandgap of material can be directly determined from its absorbance 
via Tauc plot. This plot is the calculated curve between optical energy (hv) and (𝛼ℎ𝑣)𝑟, where 
r, a are the constant of photon transition, the absorption coefficient of the calculated material 
respectively.  Generally, the material with direct bandgap, r=2 is used, while ½ for indirect 
bandgap.  Moreover, r is 2/3 or 1/3, which means the measured material has the forbidden 
direct and indirect transitions respectively. The linear region shown on the plot demonstrate 
the onset value, which is the expected optical bandgap. Transmittance T and reflectance R can 





Therefore, the relationship between absorbance and transmittance is given as follows: 
𝐴𝜆 = 2 − 𝑙𝑜𝑔10%𝑇 
It provides an easy method to calculate the absorbance from the transmittance. Since the 
incident energy is the sum of reflected and transmitted energy for nondispersive materials, I0 =
Ir + It , thus R = 1 − T. The interface and the dielectric constant of the materials strongly 




2.3.2 Photoluminescence of materials 
Photoluminescence (PL) phenomenal is that materials after absorbing photons emit light. 
As shown in Figure 5, after absorbing the incident light (higher energy than band gap), 
electrons at ground state will jump from a low energy level in valence bands to a high energy 
level in conductive bands leaving a hole in the valence bands. And then, electrons and holes 
will go back to the conductive band and valence band respectively through internal non-
radiative transition. Then the recombination of them emit the light. The wavelength of the 
emitted light is associated with the energy bandgap structure of the material. There are two PL 
spectrums including steady state PL and time-resolved PL. Steady state PL shows the intensity 
of the emitted light with the particular wavelength of the incident light, while the time-resolved 
PL give the emission delay with the time after absorbing photons. It must be noted that the 
exited wavelength should be shorter than the band-gap of material. The peak of steady state PL 
is related with the energy bandgap. Usually, for steady state PL, the emitted intensity at the 
wavelength for indirect band-gap is very low compared to the direct band-gap position. 
Meanwhile, the decay time for time-resolved PL is varied from sub-nanosecond to several 
milliseconds depending on the quality of the film and the material itself. The PL delay time 
represents the carrier (electrons/ holes) life time. Long life time give rich time for the hole-
electron pairs separation and also greatly reduce the recombination rate, which are also 
beneficial for carriers diffusion length.  
 
Figure 5. Schematic of the photoluminescence process. 
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2.4 Hall effect and carriers mobility in semiconductors 
Carrier mobility μ is an important physical parameter of materials representing the carrier 
transportation property. It denotes the ratio of the speed of a carrier (including electron and 
hole) to the applied electric field E, which is defined by the following equation: 
𝑣 = 𝜇𝐸 
 There are two types of mobility called electron mobility and hole mobility in a 
semiconductor. Product of mobility and carrier concentration determines the conductivity. The 
device performance based on semiconductors are related with mobility.  Higher mobility 
usually leads to higher short-circuit density and better power conversion efficiency. There are 
lots of physical factors to affect the mobility such as defect concentration, carrier concentration 
and temperature. Large and high quality crystals of film are beneficial for high mobility. 
Hall Effect (Figure 6) is the frequently used technology to measure carrier mobility, which 
utilizes the produced Lorentz force by the applied electron field on the inside carries. It drives 
carriers to one surface of the material. These carriers accumulate. Meanwhile, the opposite 
carriers with equal amount will emerge on the other surface. Then, bias voltage is formed, 
which is strongly affected by the defect and impurity inside material. Hall mobility is given by 






, where Ey is the applied 
electric field, j is the current density and B is the applied magnetic field.  
 




The above equations also gives both the carrier concentration and conductivity. It should be 
noted, to measure the Hall Effect, four electrodes should be deposed on the sample. 
2.5 Photovoltaic properties of metal halide materials 
Power conversion efficiency represents the ability of the material to convert the input energy 
to the available target energy. For metal halide material photovoltaics, solar energy is absorbed 





where Pout is the available power, and Pin is the input light energy. The perfect complete 
conversion is expected to have perfect absorption of photons energy of incident light with the 
complete generation of electron-hole pairs without any loss and perfect separation, collection 
and transportation. Therefore, the actual efficiency of devices are lower than 100 %. Solar 
simulator is the frequently used machine to simulate solar spectrum and provides artificial 
sunlight for device photovoltaic performance. Usually,1 sun is introduced, which is the nominal 
full sunlight intensity 100 mW/cm2. In addition, a shadow mask with certain area hole is needed 
to cover the sample. This parameter should be set before measuring.  In the J-V curve as shown 
in Figure 7 measured by solar simulator, 𝑃𝑜𝑢𝑡 = 𝑃𝑚𝑎𝑥, which is the possible obtained largest 
value of product of current and voltage. It is the available electric power when calculating the 
efficiency.  
 
Figure 7. J-V curve of the typical metal halide photovoltaic device. Pmax is the largest value 
of product of current and voltage. Voc and Jsc are the open-circuit voltage and short-circuit 
current density respectively. 
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Fill factor is defined as 𝐹𝐹 =
𝑃𝑚𝑎𝑥
𝑉𝑜𝑐𝐽𝑠𝑐
, where Voc and Jsc are the open-circuit voltage and the 
short-circuit current respectively.  FF is a very important factor to investigate the performance 
of devices, which is affected by internal resistance of SCs strongly depending on the interface 
between layers and materials used in SCs. Generally, the range of FF for metal halide SCs is 
around 0.72, which is still lower than that of typical silicon photovoltaics (more than 0.8). The 
idea open-circuit voltage of devices increase with the bandgap of semiconductor. But due to 
the recombination and structure of the device, there exists the called open-circuit voltage loss. 
And the quality and size of the grains plays an important role in reducing the loss. 
IPCE standing for incident photon to converted electron ratio also known as quantum 
efficiency indicates the intensity of the current produced by the measured solar cell when 
exposed to irradiation with a particular wavelength. And the collected number of carriers 
depending on the wavelength gives the IPCE spectrum.  
There are two kinds of quantum efficiency named as External Quantum Efficiency (EQE) 
and Internal Quantum Efficiency (IQE). EQE and IQE are the ratio of the amount of the 
collected charge carriers to the incident light energy and the absorbed light energy respectively. 
They are slightly different. EQE is smaller than IQE, since the exposed light usually cannot be 
absorbed completely without any loss. Recently close to 95% IPCE is observed for MAPbI3 
devices. The short-circuit current Jsc can be obtained from IPCE. The equation is shown as 
follows: 




where 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 are the maximum and minimum wavelength in the standard sun light. 
The range of 300nm-800nm is always used for MAPbI3 devices.  It must be noted the calculated 
value should match with the measured one. There is an idea value for 100% EQE, which 
strongly depends on the band-gap of the metal halide material. Therefore, low band-gap has 
larger possible Jsc, while it processes lower possible obtained Voc.  
When metal halide materials devices applied with voltage 𝑉𝑑𝑎𝑟𝑘  in dark, small current 
named dark current will form. For the metal halide material, the dark current 𝐽𝑑𝑎𝑟𝑘 is expressed 
as follows: 
𝐽𝑑𝑎𝑟𝑘 = 𝐽0(exp [
𝑞𝑉𝑑𝑎𝑟𝑘
𝑛𝑘𝑇
] − 1) 
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where J0 and q are the saturation current density and the one-carrier charge respectively. Other 
parameters are phenomenological constant n, the Boltzmann constant k and the temperature T 
respectively. Dark current curve reveals the property of device structure including the quality 
of the prepared films inside device. 
Hysteresis phenomena is frequently reported in photovoltaics, which illustrates the 
difference of J-V curves in two scanning modes, forward (V from 0 to Voc) and reverse mode 
(VOC to zero). Reducing hysteresis is under intensive interest since large hysteresis will greatly 
influence the overall efficiency. It is known to contribute to the existence of mobilized ionic 
and strongly affected by cell structure, the adopted material and the scanning speed during the 
measurement. Generally, slow scanning speed is beneficial for low hysteresis phenomena, 
while large accumulated ionic concentration greatly harms the performance. 
2.6 XRD and characterization of structure and quality of the grown films 
Generally, all three dimension crystals are within 7 crystal systems, 14 bravais lattices and 
32 crystal classes corresponding to 32 space group. To determine the particular crystal structure, 
X-ray diffraction is the frequently used nondestructive approach, which utilizes the short 
wavelength of the generated X-ray. It is comparable with the dimension of space lattice. The 
induced X-ray will be interacted and diffracted into many particular directions, and then, 
collected and analyzed. The relationship between miller indices (h, k, l) and diffraction angle 
(θ) is known as Bragg law, which is shown as follows: 
2dℎ,𝑘,𝑙sinθ = nλ 
 The collected X-ray signal is mainly reflected through a set of angle corresponding to n = 
1, which is called the first order of diffraction. In addition, the angle for n = 2 corresponds to 
the second order, and so on. The diffraction pattern of intensity (or counts) of X-ray depending 
on angle is unique for each material.  All the possible peaks can be shown in powder XRD. 
Meanwhile, from this XRD pattern, the crystal structure including the dimension and space 
group can be obtained. Due to the mixed materials yields the sum of XRD peaks of each 
individual material, components are able to be analyzed. In addition, the existence of the 
disorder atoms inside crystals induced by the internal pressure or defect may lead to the shift 
of some observed XRD peaks compared to the standard Powder Diffraction File (PDF) card.    
Quality of crystals can be characterized by the intensity and Full Width at Half Maximum 
(FWHM) of the peaks. FWHM represents the width of the diffraction peak at a half way height. 
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The strong intensity with small width is usually observed from the film with well-arranged 
crystals or single crystalline. These high quality films will produce low-index miller indices as 
well as high-miller indices. 
2.7 Measurement of film thickness 
The thickness of the grown film produced by spin-coating strongly relies on the 
concentration of precursor solution and spinning speed. The thickness is obtained via detecting 
the interference phenomenal with a spectrophotometer.  As shown in Figure 8, the difference 
of the optical path of two reflected light rays from front surface and the opposite surface 
depending on the film thickness give the interference.  And, number of the interference wave 
crests enable the calculation of thickness. This measurement requires enough flatness, and too 
rough surface will influence the intensity of the interference.   
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3. Transparent conductive oxide layer less back-contacted 
hybrid perovskite solar cell 
3.1 Introduction of TCO-less perovskite solar cells 
Recent years have witnessed the hybrid perovskite (PVK) solar cells (SCs) as one of the most 
promising solar cells because of the high photoconversion efficiencies1-4. Transparent 
conductive oxide layer (TCO) is typically needed in the conventional perovskite SCs.  However, 
complex equipment and process are necessary for the fabrication of the TCO layer. Meanwhile, 
it leads to the loss of incident light on the active layer, when passing though the TCO layer. In 
order to overcome these issues, initial reports provide a back-contacted architecture device5-7, 
which has been frequently reported in the silicon-based solar cells8,9 and dye-sensitized solar 
cells10-12. Both of the electrodes are located at the same side of the light absorber layer in these 
proposed device architectures and the recently reported Back-contacted PVK solar cells with 
quasi-interdigitated electrode (QIDE) have the photoconversion efficiency of 3.2 %13. 
However, the involved photolithographic technology adopted for fabrication is the bottle-necks 
for the large scale production. In addition, typically PVK SCs comprise the hole selective layers 
(HSL) such as Spiro-OMeTAD(N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-
spirobi[9H-fluorene]-2,2′,7,7′-tetramine), PTAA(Poly(bis(4-phenyl)(2,,4,6-
trymethylphenyl)amine) and PEDOT:PSS(poly(3,4-ethylene dioxythiophene):poly(styrene 
sulfonate), which  are costly and unstable14. Herein, a novel back-contacted perovskite (PVK) 
SC without TCO and HSL is presented.  
3.2 Experimental section 
Figure 1 shows the detail schematic fabrication processes of TCO & HSL free back-
contacted hybrid perovskite SCs, which are composed of glass/mesoporous-TiO2 
&PVK/porous-Ti with native oxide&PVK/mesoporous ZrO2&PVK/gold. A clean glass 
substrate was deposited about 1 μm thick mesoporous TiO2 layer (particle diameter: 250 
nm) by spin-coating (Figure 1i) and then successively sintered at 500 0C for 1.3h 
(Figure 1ii). After that, network-like porous Ti with 30nm-80nm thickness was formed 
by sputtering (CFS-4EP-LL, Shibaura Mechatronics) with lower than 1*10-4 Pa pressure, 
250 W power and Ti target in Ar atmosphere at room temperature. The deposition rate 
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was about 5nm/min. A thin native oxide layer (compact TiO2) on the Ti surface was 
automatically formed during this step.  
Then, a mesoporous ZrO2 layer with thickness of about 150 nm (particle diameter: 30 
nm) was spin coated on the sample (Figure 1iv) and the sample was annealled at 400 
0C (Figure 1v) for 1-2 h.  
 
Figure 1. Fabrication process of TCO&HSL free back contacted hybrid perovskite solar 
cell.26 
This annealing step forms not only solid ZrO2 but also further thermally oxidize Ti 
surface to increase the thickness of the compact native oxide layer on the surface of Ti 
metal. 15  
 Two-step spin-coating method was used to prepare CH3NH3PbI3 perovskite layer 
(Figure 1vi). First, precursor solution were prepared by dissolving 460 mg of PbI2 in 1 
ml N,N-dimethylformamide (DMF) at 70 0C and 500 mg of CH3NH3I (MAI) in 60 ml 
isopropanol (IPA) at room temperature.  
Samples were prepared by a sequential two-step deposition method, which has been 
reported for the preparation of PVK crystals giving the high photovoltaic 
performance16,17. First, PbI2 solution were spin-coated at 500 rpm for 5 s, followed by 
6000 rpm for 10 s and then the sample was kept at 70 0C for 30 min. The sample was 
then immerged in MAI solution for 30 s to completely react with PbI2, and then quickly 
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immerged in IPA for 20 s for removing the remaining MAI. Finally, 100 nm thick gold 
was deposited by thermal evaporation. Solar cell performances were evaluated using a 
solar simulator (CEP-2000SRR, Bunkoukeiki Inc., AM 1.5G 100 mWcm-2) and a black 
mask was employed on top of the devices with exposure area of 0.12 cm2. 
3.3 Results and discussion 
Figure 2a shows the architecture of TCO&HSL free back-contacted hybrid perovskite SCs. 
 
 
Figure 2. (a) TCO & HSL free back-contacted hybrid perovskite solar cell. In the structure, 
layer i ,ii and iii are mesoporous ZrO2 filled with PVK,  network-like porous Ti with native 
oxide filled with PVK, mesoporous TiO2 filled with PVK, respectively. (b) Conventional PVK 
solar cell.26 
Light coming from the glass side is absorbed by PVK filled in TiO2 layer (Figure 2a iii).  In 
back-contacted structures, TCO typically used in the sandwich structure of conventional PVK 
SCs (Figure 2b) is not necessary10,11, which avoids the transmission loss caused by TCO. 
Compared to the initial IDE based back-contacted SCs. Network-like porous Ti (Figure 2a ii) 
is utilized as the back-contacted electrode because Ti and native oxide on the surface can 
selectively collect electrons. The generated hole carriers are diffused via the PVK filled in the 
porous ZrO2 layer and collected by gold electrode. Mesoporous ZrO2 is inserted between two 
electrodes to isolate them, (Figure 2a i) which effectively avoid the short circuit. 
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The carrier collection mechanism is shown in Figure 3. The conduction bands of PVK, 
compact native oxide layer on Ti (compact TiO2), and Ti are -3.9 eV, -4.0 eV, -4.3 eV, 
respectively. Photogenerated holes diffuse in the PVK filling these triple porous layer, 
and are finally collected by Au electrode, since PVK fills these nanopores of 
consecutively fabricated TiO2 layer, Ti layer and ZrO2 layer.  Additionally, valence band 
(-7.2 eV) of TiO2 is deeper than that of PVK, holes are kicked out from the porous Ti 
electrode surface, and are selectively collected by Au electrode. 
 
 
Figure 3. Band diagram of the TCO&HSL free back-contacted hybrid perovskite SC. 
Energies are expressed in electron volts from vacuum level.26 
There is a possibility of the enhanced recombination of these carriers in this device 
architecture since the holes and electrons diffuse in the same direction as shown in 
Figure 2.  Therefore, the structure of back-contacted electrode, which collects electrons 
selectively is very important. Figure 4 shows the scanning electron microscopic (SEM) 
images of this network-like porous Ti. It possesses about 250 nm gaps shown in Figure 
4a and Figure 4b. Considering electron diffusion length of 1 micron, it is quite suitable. 





Figure 4. (a) SEM image of network-like porous Ti on porous TiO2 layer (diameter: 
250 nm), (b) Expanded SEM image of network-like porous Ti on porous TiO2. In the 
SEM image of porous Ti fabricated on porous titania layer (top view), porous titania 
particles can be seen in the area uncovered by networked Ti. (c) Cross section SEM 
image of TCO & HSL free back-contacted perovskite SCs including triple mesoporous 
layers filled with PVK and (d) Top view SEM image of perovskite on ZrO2/PVK layer.26 
In addition, the nano-porous Ti was filled with PVK (Figure 4d) for carrying holes. 
18,19. Figure 4c shows the SEM cross-section of the complete device. Triple layers of 1 μm 
TiO2, 30-80 nm Ti and 150 nm ZrO2 porous layers are observed. This triple porous layers with 
a total thickness of about 1.2 μm is almost same as carriers diffusion length previously 
reported20-23. Sheet resistance in the back contacted solar cells plays a crucial role to effective 
collect carriers. Four point probe method was used to measure the sheet resistance. Figure 5a 
indicates that sheet resistance decreased with increasing thickness and saturated at 60 nm 





Figure 5. (a) Dependence of the thickness on the sheet resistance of Porous Ti layer on 
porous TiO2 layer. (b) Dependence of baking time on the statistical sheet resistance of 
network-like porous Ti with 60nm thickness on porous TiO2 layer.26 
Figure 2 and Figure 3 show that light is introduced from TiO2 side and directly 
harvested by the perovskite filled in the mesoporous TiO2. It must be noted that large 
nano-particles of TiO2 as mesoporous layer have to be employed as shown in Figure 6. 
The average size is about 250 nm. This large size NPs lead to rough surface compared 
to small NPs.  
The proper roughness on porous TiO2 gives network like Ti on the porous TiO2 layer. 
To suppress the charge recombination, native TiO2 layer fabricated on Ti by thermal 
treatment is necessary. The resistivity is also affected by the baking conditions (Figure 
5b). The long baking time thick the thickness, which increase the resistivity.  After 1.6 
h, the slow increase of the rate of the sheet resistance of the Ti electrode with the 
increasing oxidation time indicates that Ti surface is almost completely covered with 
oxide layer.  Formation of enough thick TiO2 blocking layer on Ti metal is a conflicting 





Figure 6. (a) Light absorption and (b) reflectance spectrum of mesoporous TiO2 (250 
nm) on glass.26 
Systematic investigations concerning the Ti thickness and the thermal oxidation time 
was conducted aiming at their implications on the photovoltaic performances to 
determine the optimized parameter of TCO & HSL free back-contacted structure. Four 
main parameters of performance of SCs including power conversion efficiency (PCE), 
short-circuit current density (Jsc), fill factor (FF) and open-circuit voltage (Voc) were 
measured respectively. Result in Figure 7 reveals that the optimum Ti thickness is 60 
nm. As shown in Figure 5a, the sharp increase in the sheet resistance of the Ti layer 
illustrates that Ti thickness less than 60 nm drastically hampers efficiency for the 
electron collection. Meanwhile, thickness thicker than 60 nm obviously reduce the gap 
size of porous Ti layer becomes more compact, which in turn reduce the PCE, FF, Jsc 
and Voc (Figure 7c) seriously.10,11 As shown in Figure 7b and Figure 7d, thermal 
oxidation time was also tuned to obtain high performance. Obvious change in the 
photovoltaic parameters were found, which demonstrates that thermal oxidation time is 
crucial to control the device performance by forming a compact oxide layer, which 
covers completely on Ti metal.  The optimized thermal oxidation time was 1.8 h. 
Prolonged oxidation time, leads to forming thicker TiO2 on surface which increases 




Figure 7. Dependence of thickness of porous Ti upon (a) Voc, FF and (c) PCE, Jsc. 
Dependence of thermal oxidation time on  (b) Voc, FF and (d) PCE, Jsc.26 
Figure 8a shows the J-V characteristics in forward and reverse scan modes with 
illumination at 1 Sun. A mask with light exposure area of 0.12 cm2 covered the devices 
during the measurement. The values of the Jsc, Voc and FF were found to be 7.07 
mA/cm2, 0.84 V and 0.66, respectively in forward scan mode (0V → Voc). For the 
reverse scan mode (Voc → 0V), Jsc, Voc and FF were 7.10 mA/cm2, 0.83 V and 0.66, 
respectively. Both of the forward as well as reverse scan mode gives the same PCEs of 
3.88 %. It did not show hysteresis phenomenon, which has been reported frequently in 
the perovskite solar cells.24,25 
To further characterize the separation of generated carriers in ZrO2 layer, we 
investigated the device with the HTM (spiro-OMeTAD) inserted between mesoporous 





Figure 8. (a) J-V curves of the devices under simulated AM 1.5 solar irradiation 
measured at room temperature. i) reverse scan, ii) forward scan, iii) dark mode and iv) 
device with spiro-OMeTAD. (b) IPCE and integrated photocurrent of the devices in the 
presence and absence of spiro-OMeTAD.26 
The IV curve in Figure 8a shows 4.02 % efficiency, which is little larger than 3.88 % 
of the device without HTM. The tiny difference in the photovoltaic performance along 
with the incident photon to current conversion efficiency (IPCE) as shown in the Figure 
8b indicates that generated electron-hole pairs are completely separated in TCO & HSL 
free back-contacted structure.  
Finally, to test the stability of this new structure, data including PCE, Voc , FF and 
Jsc were recorded every 120 hours under light intensity of 100 mW cm-2 in ambient 
conditions with complete devices without encapsulation. Figure 9a-b and Figure 9c-d 
demonstrate that for the absence of HTM, only 9.6 % of PCE of devices decayed over 
1080 hours presenting an excellent stability, while more sharply decays were observed 
in the devices with Spiro-OMeTAD. The performance of the device without HTM even 
exceeded the devices with Spiro-OMeTAD after the storage for 480 hours. This is 
mainly attributable to the unstable HTM (Spiro-OMeTAD). Compared to the 
conventional structure of perovskite solar cells, the obtained performance is still low.  
One of these reasons may be the relatively high sheet resistance, 17.5 ohms/sq of porous 
Ti with oxide on the surface, compared to that of around 10 ohms/sq for the usually 
employed TCO substrate.  Additionally, the diffusion length for the hole carrier via 
PVKs filled in the porous may be shorter than the whole thickness of triple layers. 




Figure 9. Photovoltaic performance change during storage of (a)-(b) TCO and HSL free 
back-contacted perovskite solar cells and (c)-(d) perovskite solar cells with sipro-
OMeTAD under light intensity of 100 mW cm-2.26 
3.4 Conclusions 
In conclusion, a novel back-contacted perovskite solar cell device architecture without 
employing TCO and HSL was presented. The highest PCE of 3.88% under air conditions. The 
cells showed an excellent long-term stability. We also gave a fabrication method of porous Ti 
electrode, which was accomplished by sputtering Ti on mesoporous TiO2 layer with big particle 
size. We confirmed that large particles of TiO2 gave the porous Ti with appropriate nano-space. 
PVK filled in the nanopores in triple porous layers were crucial for collection and separation 
of the generated carriers. The influence of Ti thickness and thermal oxidation time on the 
performance of SCs were investigated, which indicates that the completely porous Ti electrode 
with native oxide was very important for the reduction of charge recombination between 
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electrons in Ti and holes in PVK. Better performance can be expected by optimization triple 
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4. Interparticle coupling effect of silver-gold hetero-dimer to 
enhance light-harvesting in ultrathin perovskite solar cell 
4.1 Introduction 
The metallic nanoparticles (NPs) and their applied plasmonic solar cells are under 
intensive interest to enhance the performance of all types of photovoltaics including 
silicon solar cells,1-3 dye sensitized solar cells,4-6 and organic solar cells.7, 8 Metal halide 
organic-inorganic perovskite are no exception.9-11 Since the extinction coefficient 
rapidly decays for long-wavelength regions, it is needed to uptake these weak light 
effectively. 12-16.  
Initial studies are forced on the incorporating noncoupling NPs in a perovskite film 
and utilizes the light scattering of NPs to enhance the absorption17. However, the recent 
plasmonic perovskite devices by incorporating noncoupling metal NPs cannot give 
comparable power conversion efficiency with the normal devices. Large size NPs are 
definitely needed to support the obvious absorption enhancement for the scattering cross 
section is directly proportional to the size of NP. And larger than 120 nm diameter silver 
NPs have been theoretically suggested for the better scattering.17 But, the thickness of 
the thin perovskite film limit the maximum size of the embedded particles. All the above 
factors motivated the development of new method to further enhance the optical 
absorption. Interparticle plasmon coupling including dimers and multi-body of metal 
NPs is the more effective method and has been introduced to high-performance polymer 
solar cells,18 utilizing the produced enhanced electromagnetic field near the surface and 
especially strong coupling of localized surface plasmon resonance (LSPR) of NPs inside 
the gap.19 But the recently reported perovskite films with the embedded gold homo-
dimer20 in 200 nm thickness perovskite film having only 10% improvement of 
performance and the efficency is still incomparable with the perovskite with normal 
thickness.  
Herein, an ultrathin perovskite film with the embedded hetero-dimer was investigated 




4.2 Computational details 
4.2.1 Plasmon dipolar-dipolar coupling of dimers in perovskite 
The interaction of dipolar moment of each nanosphere 𝜇 = 𝛼𝜖𝑝𝐸, can be applied in 
the plasmon coupling of dimers surrounded with perovskite 21. The scattering cross 











where 𝜅 is the orientation factor relating to the arrangement of dipolar moments, 
which equals to -1 for side-by-side (the polarity of light perpendicular with dimer) and 
𝜅 = 2 for head-to-tail arrangement (the polarity of light parallel with dimer). 𝛼 is the 
clausius-Mossotti dipole polarizability, which can be estimated by 
 𝛼 = 3𝜀0𝑣(
𝜀𝑚−𝜀𝑝
𝜀𝑚+2𝜖𝑝
)  (2) 
where 𝜖0 , 𝜖𝑚 and 𝜀𝑝 are the dielectric constant of vacuum, metal and perovskite 
respectively. In addition, we selected silver and gold as the metal materials, which are 
the reported to be best metal in plasmonic solar cells (SCs).17, 22  𝛼1 = 𝛼2 = 𝛼𝑎𝑔 𝑜𝑟 𝛼𝑎𝑢 
for homo-dimer is expected while for hetero-dimer there is relationship of  𝛼1 = 𝛼𝑎𝑔and 
𝛼2 = 𝛼𝑎𝑢 . Figure 1 shows the optical constants for perovskite films in highly 




Figure 1. Optical constants for MAPI thin films.25 
4.2.2 Parameters of Lorentz model for perovskite, gold and silver. 
The dispersive materials are expressed through Lorentz model which is the sum of multi-
oscillators with multi-frequency. The dispersive material dielectric constant depending on 
frequency ω is given by 






𝑗=1                                                 (3) 
     where the constant ε∞, 𝜎𝑗, 𝜔𝑗 and 𝛾𝑗 are the high frequency dielectric constant, oscillator 
strength term, resonant (peak) energy of the oscillator and the broadening parameter 
corresponding to each oscillator, respectively. Table 1-3 give the fitted parameters of 







Table 1. Parameters of MAPbI3.25 
ε∞=1.7494 
σ𝑗 γ𝑗(𝑒𝑣) ω𝑗(𝑒𝑣) 
0.357894475761153 0.297453902501477 3.57448626772940 
0.275388281112334 0.465511818333739 3.15393896290633 
0.259294192264127 0.661800902669850 2.88036427571432 
0.204848368997525 0.551021804246366 2.61721865958346 
1.12088308072804 0.00217811229401565 4.25507506941361 
0.134035733893159 0.426903447139061 2.44095769324199 
0.0604380089428242 0.332571184013103 2.30214361794593 
0.0385139716176764 0.313306792916730 2.15378440491449 
0.0373404246293125 0.396537906957354 1.95839427627934 
0.0169933561723172 0.230987993919101 1.79017182358615 
0.00174215931410905 0.236317889591005 4.39443006654756 
0.0181575119991169 0.202613947809829 2.24009760156930 
0.00645887756524636 0.113471616209497 1.54980055148749 
 
Table 2. Parameters of silver.25 
ε∞=1.0001 
σ𝑗 γ𝑗(𝑒𝑣) ω𝑗(𝑒𝑣) 
4.4625e+39 0.048 1e-20 
7.92469618055556 3.886 0.816 
0.501327328095750 0.452 4.481 
0.0133292250190222 0.065 8.185 
0.826552111456641 0.916 9.083 
1.11333628041501 2.419 20.29 
 
Silver and Gold parameters are obtained by converting Lorentz-Drude expression 




Table 3. Parameters of gold.25 
ε∞=1 
σ𝑗 γ𝑗(𝑒𝑣) ω𝑗(𝑒𝑣) 
4.0314e+39 0.053 1e-20 
11.3629356945856 0.241 0.415 
1.18363913485266 0.345 0.83 
0.656770222806431 0.87 2.969 
2.64548587658580 2.494 4.304 
2.01482623163704 2.214 13.32 
 
4.2.3 FDTD calculation of light absorption 
Absorption spectra of a series of perovskites with different thickness can be obtained 
by 
 Ap = 1 − R− T (4) 
where R and T are the calculated reflectance and transmittance respectively. 
Perovskite films with embedded metal NPs with certain period are considered. In this 
work, we are aiming to discuss the role of inter-particle coupling of the embedded metal 
nanoparticles on the absorption enhancement. We got rid of the influence of metal 
reflectance layer, which will reflect the light back into the perovskite and affect the light 
absorption. Single computational unit cell was therefore designed with three layers, 
perovskite with the embedded metal NPs (150 nm), hole transport material (Spiro-
OMeTAD) of reflective index with ns=1.732 (thickness: 50 nm) and glass substrate with 
ng=1.5 (thickness: 50 nm).20 Two kinds of models (Figure 2) were established, in which 
noncoupling nanospheres and dimers (hetero-dimer: Ag-Au and homo-dimers: Ag-Ag 
Au-Au) were put in the center and centrosymmetric positions respectively. The volume 
concentration of the embedded metal particles in perovskite film was expressed by the 











)3 is the whole volume of metal nanospheres, n is the number 
of nanospheres per unit cell and d is the diameter of nanosphere. For the sake of 
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comparison, same volume concentration of both models are satisfied. The length of the 
model contained noncoupling nanoparticles is half with the model contained dimers. 
Three dimensions length lx=250 nm, thickness hz=150 nm, width wy=250 nm. The range 
of diameter was from 50 nm to 90 nm and FF was from 1.40 % to 8.14 %. Absorption 
depending on frequency was calculated as follows: 
 A(ω) = ωε0 ∫|𝐸(𝑟, 𝜔)|
2𝑛(𝜔)𝑘(𝜔) 𝑑𝑉 (6) 
where ω is the angular frequency, E is the electric field vector, n(ω) and k(ω) are the 
spectral-dependent real and imaginary parts of the refractive index 𝑛 = 𝑛 + 𝑖𝑘  over 
volume V. The integral was calculated.17 Wavelength λ is within the range of 400 nm to 
800 nm. Because of the polarity of dimers model, we divided nature light into two 
components as p- and s-polarization, which parallel and perpendicular to the two spheres 
plane respectively. And then, we depicted the calculated integrated solar absorption by 
the following equation. 
 ∫ 𝐴𝑃 = ∫ 1 2⁄ {𝐴𝑝𝑠(𝜆) + 𝐴𝑝𝑝(𝜆)}
800
400
∙ 𝐴𝑀1.5𝐷(𝜆)𝑑𝜆 (7) 
where 𝐴𝑝𝑠(𝜆) and 𝐴𝑝𝑝(𝜆) are the corresponding calculated absorption, AM1.5D is 
the standard direct solar spectrum. In addition, noncoupling-NPs is nonpolar model, 
𝐴𝑝𝑠(𝜆) = 𝐴𝑝𝑝(𝜆) = 𝐴𝑃(𝜆). To exactly indicate the capability of absorption,  ∫ 𝐴𝑃  is 
normalized by ∫ 𝐴𝑀𝐴𝑋, where 𝐴𝑀𝐴𝑋 is the maximum achievable absorption of 100% in 
the range of wavelength (400-800 nm), which is considered to be the infinite thickness 
of absorber layer. It must be noticed that, because of the highly dispersive material of 
perovskite and the long x,y dimensions of the unit cell, the influence between unit cells 
is very week. Therefore, these calculations are not limited to period NPs and they are 
also suitable for random NPs with certain concentration.  
The open source software package MIT Electromagnetic Equation Propagation 3D 
(MEEP) was used to realize Finite-difference time-domain (FDTD) simulations.26 The 
parameters of silver, gold,27 and perovskite for Lorentz model in this software are 
illustrated in Table 1-3. Soft gauss source with multiple frequencies with small step was 
introduced to obtain continuous curve of absorption as a function of wavelength. After 
that, calculation results were dealt with fast Fourier transform (FFT) to extract single 
frequency and normalized to the incident light. Compared to the reported calculation 






Figure 2. Modeled perovskite unit cell (a) dimers and (b) noncoupling-NPs. (c) 3D view 
of dimer unit cell.25 
4.3 Results and discussion 
Plasmonic perovskite photovoltaics have the enhanced optical performance of 
devices, which is attributed to the utilized surface plasmon of the embedded NPs excited 
by the incoming visible light. The initial report demonstrated that the enhanced near 
field induced by the plasmon of noncoupling NPs inside films contributes to the 
enhanced light absorption of perovskite, which is the called radiation effect. For dimers, 
plasmon will be coupled and form two enhanced optical field areas called junction area 
and ends area (no-junction area near the surface of NPs). According to plasmon 
hybridization theory, the inter-coupling of dimers can be viewed as the interaction of 
each plasmon mode of NP (𝜓).  There are two-phases called in-phase mode (𝜓𝐴 + 𝜓𝐵) 
and out-of-phase mode (𝜓𝐴 − 𝜓𝐵). Under longitudinal polarization (the p-component 
of nature light which is parallel to the dimer), plasmon modes  𝜎  (𝜓𝐴 + 𝜓𝐵) 
and 𝜎∗(𝜓𝐴 − 𝜓𝐵) contribute to the mainly enhanced optical field in junction and ends 
area respectively. The inter-coupling (𝜋 and 𝜋∗) under transverse polarization is very 
weak.21, 28. Figure 3a shows that, the 𝜎∗ hybridization mode of homo-dimers, which is 
supposed to form enhanced optical field in ends area is vanished because of cancelation 
of out-of-phase equation ( 𝜓𝐴 − 𝜓𝐵 ), where 𝜓𝐴 = 𝜓𝐵 = 𝜓𝐴𝑢/𝜓𝐴𝑔  condition is 
expected. Homo-dimers including gold homo-dimer and silver homo-dimer cannot 
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establish strong enhanced optical field in nonjunction area near the surface of NPs. 
Likewise, 𝜋  mode is absent under transverse polarization. As shown in Figure 3b, 




Figure 3. Plasmon hybridization of homo-dimers and silver-gold hetero-dimer (Dash 
lines represent the vanished coupling mode).25 
 
These results also match with the absent of 𝜎∗ and 𝜋 in the scattering cross section 
spectra (Figure 4) of homo-dimers evaluated by dipolar-dipolar coupling. According to 
the above factors, the antisymmetric silver (𝜓𝑎𝑔)-gold (𝜓𝑎𝑢) hetero-dimers (Figure 3b), 
which provide enhanced optical field in both junction and ends area, show the significant 
advantage over the homo-dimers. Figure 4 also gives the frequency of the localized 
surface plasmon resonance of homo-dimers and hetero-dimer. The plasmon resonance 





Figure 4. Scattering cross section spectrum of homo-dimers and hetero-dimer (size: 60 
nm diameter, gap: 15 nm) simulated by DDA method.25 
We calculated and compared the light absorption of perovskite film with the 
embedded homo-dimers and hetero-dimer by using FDTD simulation to precisely 
evaluate the effect of inter-particle coupling on the light absorption of the surrounding 
perovskite. Meanwhile, two kinds of non-coupling NPs (Ag, Au) with same volume 
concentration are analyzed. Figure 5a shows the absorption of perovskite as a function 
of thickness (150-350 nm), in which the results for thickness >300 nm closely match 
with the reported results.17  
 
 
Figure 5. (a) Absorption of perovskite. (b) Normalized absorption  ∫ 𝐴𝑃 ∫ 𝐴𝑀𝐴𝑋⁄  of 




As shown in Figure 5b, thin thickness usually leads to the decrease of light-
harvesting properties of perovskite film. Precisely, the decrease in absorption for 
thickness from 200 nm to 150 nm is four times larger than that from 250 nm to 200 nm. 
A 150 nm film only absorbs 63.7 % of the total light. Moreover, the relatively low 
absorption lies at long wavelength >650 nm. Therefore, it is a challenge to fabricate thin 
perovskite devices without impacting the performance. We selected 150 nm perovskite 
as the reference film to outline whether or not the incorporating hetero-dimer can 
actually enhance the absorption of the thin perovskite layer. 
We evaluate the absorption of the PVK with same size of NPs (diameter: 50 nm) in 
all cases for the sake of comparison. Figure 6a gives the relationship between Ap (light 
absorption) and wavelength. Perovskite with hetero-dimer (diameter: 50 nm, gap 
distance: 10 nm) induced enhanced light-harvesting properties compared to noncoupling 
Ag or Au NPs. In addition, this enhancement was especially localized in the range of 
650 nm < λ <  800 nm, where light absorption of PVK was low.29 Figure 6b 
demonstrates that the absorption of PVK with Ag-Au is obvious higher than that of Ag-
Ag and Au-Au, among which Ag-Au hetero-dimer yields the best performance. 
 
 
Figure 6. (a) Absorption spectra of PVK with NPs and (b) The relationship between 
normalized absorption ∫ 𝐴𝑃 ∫ 𝐴𝑀𝐴𝑋⁄  of PVK with NPs. Perovskite thickness: 150 nm, 
nanoparticle diameter: 50 nm, gap distance: 10 nm.25 
The squared amplitude of the electric field |E|2/|E0|2 are analyzed in all cases at  λ =
750 nm, which is around the plasmon resonance frequency inside the junction area of 
hetero-dimer. Figure 7a-7b shows the optical field inside perovskite descends along the 
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central of NPs like radiation. This special optical field distribution attributing to the 
absorption enhancement of perovskite is the reported radiation effect.17 Figure 7d-7f 
shows the electric field of perovskite with dimers. Besides radiation effect, the enhanced 
optical field in the junction area induces the more important inter-coupling effect under 
longitudinal polarization.  
 
 
Figure 7. Spatial distribution of the normalized electric field intensity (wavelength: λ =
750 nm) in perovskite (150 nm thickness) with (a) Ag, (b) Au, (c) Ag-Au, (d) Ag-Au, 
(e) Ag-Ag and (f) Au-Au. (c) is electric filed in the y-z planes under E𝑠 and (d)-(f) are 
electric field in the x-z planes under E𝑝. All NPs are 50 nm diameter. Dimer gap distance 
is 10 nm.25 
Hetero-dimer (Figure 7d) under longitudinal polarization induces relatively large 
total junction area than gold/silver homo-dimer (Figure 7e-7f). Figure 8 shows the 
relationship between intensity and wavelength for PVK with dimer NPs. Among them, 





Figure 8. The relationship between electric field intensity and wavelength. Diameter: 60 nm, 
gap distance: 15 nm.25 
Figure 9 shows the normalized electric field intensity of perovskite with homo-dimers and 
hetero-dimer under Ey and Ez. Inter-coupling of dimer under vertical polarization behaves 
similar to that of individual NPs. Intensity of electric field near silver and gold NP surface in 
hetero-dimer is slightly stronger than that of Ag-Ag and Au-Au respectively, which are 





Figure 9. Normalized electric field intensity of perovskite with homo-dimers and hetero-dimer 
(a-c) at x-y plane under Ey and (d-f) x-z plane under Ez. Dimer diameter : 50 nm, gap distance: 
10 nm.25 
We have tuned the size of NPs and the gap distance (Figure 10a) to obtain the 
maximum absorption of perovskite with hetero-dimer. The maximum enhancement was 
obtained by 80 nm diameter hereo-dimer with 25 nm gap distance. The normalized 
absorption was 81.68 %. The value was 28.15 % higher than that of perovskite (150nm 
thickness) and equals to the absorption of perovskite film with about 350 nm thickness. 
Figure 10a also shows that every size hetero-dimer has an optimization gap distance. 
For example, absorption of PVK with 80 nm Ag-Au dimer was highest when the gap 
distance was 30 nm. Figure 10b shows that, the absorption of perovskite under p-
polarization of incident light induces higher absorption compared to that under s-






Figure 10. Normalized absorption of perovskite (150 nm thickness) with (a) hetero-
dimer with various diameter and gap distance. (b) Absorption 𝐴𝑝𝑝(𝜆) (yellow) and 
𝐴𝑝𝑠(𝜆) (red) of perovskite (150 nm thickness) with hetero-dimer (diameter: 80 nm, gap 
distance: 25 nm) and reference film (green).25 
Figure 11 shows the normalized absorption of NPs of hetero-dimers. The absorption 
of NPs was low. For example, NP with 50 nm size with 10nm gap distance has only 
0.15 % absorption. All of the absorption was lower than 1 %. The volume concentration 
of the filled NPs in perovskite is within the range 1.4 %-8.14 %.  
 




Figure 12. (a) The relationship between normalized electric field intensity with x axis. (b) 
Spatial distribution of the normalized electric field intensity and (c) normalized power 
absorption per unit volume of  perovskite (150 nm thickness) with hetero-dimer (60 nm 
diameter) with gap distance from 15 nm to 25 nm (wavelength: λ = 750 nm).25 
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Figure 10 shows the relationship between |E|2/|E0|2 and gap distance from the center 
of the dimer. The gap distance becomes wider than 20 nm, the value decrease in the gap 
regions. 15 nm gap distance is best for 60 nm diameter hetero-dimer. Figure 12 shows that the 
field intensity actually sharply reduce from 33.1 to 7.4 when gap distance is increased from 15 
nm to 25 nm.  The capability of light-harvesting is very sensitive to gap distance and the 
junction area.29, 30 
As shown in Figure 13a-13b and 13d-13e, hetero-dimer with larger particle size 
(<90 nm) establishs obvious larger junction area and ends area. Antibonding mode in 
ends area supports a large radiation effect. Bonding mode localized in junction area 
favors a very strong and large enhanced optical field, leading to the significant inter-
coupling effect.  
 
Figure 13. Normalized spatial distribution of electric field intensity of perovskite (150 
nm thickness) with hetero-dimer (size/gap distance) (a) 70 nm/20 nm, (b) 80 nm/25 nm 
and (c) 90 nm/30 nm. Normalized power absorption per unit volume for hetero-dimer 




As shown in Figure 13c and 13f,  for hetero-dimer with too large size (diameter: 
90nm), the junction area is vanished and becomes less sensitive to gap distance.31 
The relationship between performance and incident angle was analyzed.  In order to 
simulate the absorption as the function of angle, (Figure 14) the following unit cell was 
added, where the angle of x-y dimension is 900. This maintains the same volume and FF 
as the normal incident situation.   
 
 
Figure 14. The unit cell for simulating absorption as the function of incident angle.25 
To make the model along the main direction of incident light, 3 was taken as a 
function of incident angle 1 and frequency of incident light. This is because the 
refractive index of perovskite depends on frequency. 
According to the influence of absorption as a function of the incident angle. As shown 
in Figure 15a, the ∫ 𝐴 / ∫ 𝐴𝑀𝐴𝑋 decrease sharply after the incident angle became larger 
than 500, which is consistent with the reported result.33 The incorporating of hetero-
dimer in perovskite film enables a wider serviceable angle than the reference film. It 





Figure 15. (a) The relationship between ∫ 𝐴 / ∫ 𝐴𝑀𝐴𝑋  and incident angle. (b) The 
relationship between ∫ 𝐴 / ∫ 𝐴𝑀𝐴𝑋 and shell thickness. Perovskite (150 nm thickness) 
with hetero-dimer (diameter: 80 nm, gap distance: 25 nm) (red) and reference film 
(green).25 
Due to exciton quenching induced by the direct integration of metal NPs into the 
active layer, surface passivation of the metal NPs is required by shielding metal particles 
with dielectric coatings.34 In order to overcome these challenges associated with 
plasmonic metal NPs, a series of thickness of uniform SiO2 shell coated on dimers were 
examined. As shown in Figure 15b, the normalized absorption decreased with the 
thickness of coated shell and rapidly approached the performance of the reference 
perovskite film without NPs. Therefore, thin silica shell is suggested. Taking 80 nm size 
hetero dimer as example, 4 nm thickness silica on each nanosphere of dimer can 
preserve 95 % of the performance. 
Although the optimize size and distance of hetero-dimer seems difficult to realize, 
the recent colloidal conjugation technology open up new opportunities for a possible 
low-cost and easy preparation method. Metal dimers can be synthesized by colloidal 
approach in buffer solution, in which gap distance can be tuned by changing the length 
of conjugated molecular (ss-DNA),21 and silica shell can be introduced by adding a 
silane coupling agent (e.g. 3-aminopropyltrimethoxysilane, APS).32 Then random 
hetero-dimer with silica shell may can be dispersed on substrate and the gap may be 




In conclusion, we confirm that interparticle coupling of hetero-dimer play an 
important role in the enhancement of absorption of perovskite by a series of theoretical 
modeling and calculations including plasmon hybridization, DDA and FDTD. 
Perovskite with hetero-dimer processes higher light absorption than that of homo-
dimers, because of the both radiation effect in the ends area and the strongly enhanced 
optical field localized in junction area.  
In addition, compared to noncoupling NPs with the same concentration, all dimers 
lead to higher enhancement on optical absorption of perovskite especially within the 
range of 650-800 nm, which demonstrates that the strong coupling of LSPR in the gap 
of the embedded dimer plays an important role on the light-harvesting of perovskite. 
 The more interesting thing is that the relatively larger total area of overlap optical 
field inside the gap of hetero-dimer than homo-dimer enhanced the absorption of 
perovskite. For the sake of finding the optimization dimer, gap distance and size of NP 
of hetero-dimer were tuned. The result shows that proper distance of hetero-dimer is 
needed, because short distance reduce the area of overlap area. Too long distance will 
separate the LSPR of each NP. In addition, this distance increases with the size of NP 
of the dimer. 
 Our results suggest that the maximum absorption of perovskite film with 150 nm 
thickness may be produced by embedding 80 nm diameter silver-gold hetero-dimer with 
25 nm gap distance. About 28.15 % improvement of light-harvesting of perovskite with 
hetero-dimer compared to the reference film were obtained, which was higher than 10 
% of homo-dimers reported previously. In addition, thin silica shell of dimer is 
suggested, because of the confinement effect. 
Our work provides a significant meaning to further optimize the optical property of 
devices and also reduce the amount of absorbing material. Although, all these examples 
herein chosen was MAPbI3, obvious absorption-enhancing effects should be expected 
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5. Bismuth based nontoxic metal halide solar cell 
The performance of solution-processed solar cells (SCs) has been greatly improved within 
past decade, especially MAPbI3 SCs with high-performance.1-5 However, the toxicity of lead 
limits their commercial application. A series of candidates are under intensive interest. For 
example, MASnI3 SCs with about 8 % power conversion efficiency (PCE) has been reported.6-
9 But all materials and devices processing was usually conducted in a nitrogen-filled glovebox 
because of the instability of tin cation, which is prone to oxidation when they are exposed to 
air and moisture. Compared to the instability as well as toxicity concerns, bismuth based 
materials are the most promising light-harvesting materials to replace lead and tin.10, 11 So far, 
incorporation of methylammonium (MA) and cesium in bismuth iodide complex have been 
synthesized.12-15 Silver bismuth iodide including AgBi2I7 and AgBiI4 have been reported.16, 17 
However Ag+ ion is sensitive to light exposure. As the stable monovalent cation, we selected 
Cu+. In this section, synthesis and photovoltaic performance of CuBiI4 is reported. 
5.1 Experiment section 
5.1.1 Preparation of precursor solution  
N,N-dimethylacetamide (DMA) with Hydroiodic acid (HI) was employed to dissolve the 
BiI3 and CuI powder. First, CuI and BiI3 were mixed with molar ration of 1:1 and 1 ml DMA 
was added to the mixture by stirring for 2 h at room temperature. The concentration of CuI and 
BiI3 was varied from 0.4 M to 0.7 M. After that, HI acid (57 wt. % without stabilizer) was 
added dropwise with stirring (4 h). The amount of the added HI in molar is two times of that 
of BiI3. The solution became clear and the color turned purple-black during the stirring. 
5.1.2 Fabrication of devices 
Figure 1 illustrated the fabrication of CuBiI4 devices. F-doped tin oxide (FTO) substrates 
were cleaned in an ultrasonic bath by acetone, isopropyl alcohol and deionized water in turn 
for 30 min respectively. Then, they were dried with nitrogen gas and cleaned by plasma 
sequentially. Compact-TiO2 with about 50 nm thickness was sprayed on the substrates under 
300 0C. 
After that, a mesoporous TiO2 layer with thickness of about 250 nm (particle diameter: 
18 nm) was spin-coated and annealed at 500 0C for 1.5 h. Then, the absorber layer was 
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deposed by one-step method, in which about 80ul solution was casted on the surface 
and spin-coated with 500 rpm for 5 s and 5 krpm for 30 s.  Solvent vapour annealing 
method was carried out with TBP solvent at room temperature. As-prepared samples 
were put on the holder in a chamber and exposed to vapour of TBP. The distance 
between sample and the solvent and the amount of TDP were precisely tuned to co-
crystallize CuBiI4 crystals. The random holes inside the cap of the chamber for SVA 
can avoid the too much accumulation of TBP on the surface of samples. After being 
annealed in TBP for about 2-3 h, samples were taken out from the chamber and dried 
on a hot plate under 70 0C for 30min to completely remove the remaining solvent.  Then, 
HTM layer was fabricated by spin-coating Spiro-MeOTAD solution. The solution was 
prepared by dissolving 72.3 mg of 2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-
9,9’-spirobifluorene (spiro-MeOTAD, Merck), in 1ml of chlorobenzene, in which 80μl 
ethanol and 17.5 μl lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 
mg Li-TSFI in 1 ml acetonitrile (Sigma-Aldrich, 99.8 %)) were added.  
 
Figure 1. Schematic of fabrication process of CuBiI4 solar cells.33 
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4-tert-butyl pyridine (TBP) was not used because it dissolved the CuBiI4 layer. The 
added ethanol actually played the same role as TBP to dissolve Li-TSFI in 
chlorobenzene. Finally, about 100 nm gold electrode was deposited by thermal 
evaporator to complete the devices.  
Characterization 
Solar cell performances:  The photovoltaic performance of cells were evaluated by 
using a solar simulator (CEP-2000SRR, Bunkoukeiki Inc., AM 1.5G 100 mWcm-2) and 
a black mask on top of the devices with an exposure area 0.12 cm2 during the 
photovoltaic measurements. The current-voltage (J-V) curves of these solar cells were 
measured with a 0.01 V/s scanning rate in reverse, forward and dark modes under 
standard global AM 1.5 illumination. 
IPCE: The IPCE spectra were recorded by using CEP-2000SRR (Bunko Keiki) 
equipped with 300 W Xe lamp. Monochromatic light was exposed by DC mode and the 
current was taken every 100msec after the light exposure (10 nm interval).  
XRD: X-ray Diffraction patterns were measured by X-ray diffraction analyses 
(SmartLab, Rigaku, Japan) with SmartLab(In-plane) goniometer were performed in the 
range 3°−80° with 0.0100 deg step width.  
SEM: The surface morphology of the samples were observed through an S-5200 
Ultra-High Resolution FE SEM (HITACHI).  
FTIR: Attenuated Total Reflectance Fourier transform IR spectras (FT-IR) were 
tested by FT-IR spectrometer (JASCO, FT/IR-4100 Series) via an attenuated total 
reflectance (ATR) crystal.  
Absorbance: Absorbance of films were measured by Electronic Absorption 
Spectroscopy (V-570, V550, JASCO, Japan). 
PL: Photoluminescence lifetime were obtained from Compact NIR PL lifetime 
spectrometer (Hamamatsu, Japan). 
PESA: The valence band level for CuBiI4 film on a FTO-glass substrate (not device 




5.2 Results and discussion 
Bismuth based devices, unlike lead or tin based solar cells, always suffered low coverage, 
poor morphology and pinholes in the resulting film.18  Herein, we used concentrated HI acid 
assisted organic solvent to dissolve CuI and BiI3. HI acid has been reported to dissolve BiI3 or 
CuI to synthesize or make bulk crystals.19 This is also used as the additive to improve the 
morphology in MAPbI3 SCs20. To investigate whether the added concentrated HI acid (57 
wt. %) in Dimethylacetamide (DMA) have influence on Fluorine-doped tin oxide (FTO) 
substrates, we measured the sheet resistance of FTO glasses after immerging the substrate in 
HI/DMA co-solvent with a series of HI concentrations (0-6 M) for 12h. Figure 2a illustrates 
that the conductivity of substrates were almost not affected even under high HI concentration 
(6 M). As shown in Figure 2ai (inserted photo), HI acid assisted DMA completely dissolved 
CuI and BiI3 powders with the exact molar ratio (HI: CuI: BiI3=2: 1: 1).  And high concentration 
of CuI/BiI3 was obtained compared to other organic solvent includes DMF, Dimethyl sulfoxide 
(DMSO) and Tetrahydrofuran (THF) without HI. The HI produced complexes of hydrogen 
diiodocuprate(I) (HCuI2) and hydrogen tetraiodobismuthanuide (HBiI4) in DMA, which 
increase the solubility.  
After that, solvent vapor annealing (SVA)21, 22 using Tributyl phosphate (TBP) at room 
temperature was applied immediately to avoid low coverage and poor morphology.  
During the SVA, TBP evaporates and its vapor will gradually penetrate the intermediate film 
and more importantly, simultaneously replace inside solvents because of their excellent 
miscibility, which benefits the co-crystallization of CuBiI4. Additionally, high vapor pressure 
of TBP, enables the whole low-temperature film preparation. After SVA and following post-
annealing at 70 0C for 30min to completely evaporate the remaining solvent, the color was 
obviously changed.  
The FTIR spectrum of as-prepared film (that is, non-SVA) in Figure 2b illustrates the strong 
transmittance peaks of C=O stretching (1650 cm-1), C-H stretching (2937 cm-1), N-CH3 (1397 
cm-1), C-CH3 rocking (1014 cm-1).23, 24 This also includes the peaks associated with hydrogen 
bond of the added HI (1180-1360 cm-1)25 and water (1634 cm-1)26. The final film shows no 
peaks for organic molecular, which demonstrates that this low-temperature SVA with post-





Figure 2. (a) Sheet resistance of FTO glasses after immerging the substrate in HI/DMA with 
different concentration of HI for 12 h. The inserted optical image is 0.7 M copper bismuth 
iodide solution in concentrated HI acid assisted DMA.  (b) FTIR spectrum of the sample after 
one-step spin-coating precursor solution before SVA (black line) and sample dealt with SVA 
and the following post-annealing at 70 0C for 30 min.33 
To precisely characterize the grown crystal grains, XRD patterns of CuBiI4 films were 
measured. Fitting the experimental data to the calculated XRD pattern from reference cif file 
indicates a CuBiI4 film with cubic structure (space group Fd3m o2) with the lattice parameters 
of a = 12.134 Å. As shown in Figure 3a, X-ray diffraction spectra reveals the existence of 
high-index crystal planes as well as the low-index planes in [1, 1, 1] crystal direction with 2𝜃 
peaks at 12.80, 25.50, 38.60, 52.10, which are (1, 1, 1), (2, 2, 2), (3, 3, 3) and (4, 4, 4) crystal 
planes respectively. Low-index crystal phases processes very strong intensity and small full 
width at half maximum (FWHM) (0.100 for (1, 1, 1) and 0.150 for (2, 2, 2)). It also shows weak 
peak of (3, 1, 1) crystal plane at 24.40. Crystals were well arranged in [1 1 1] direction. The 





Figure 3. (a) Experiment and calculated XRD spectra from cif No.1123303 of CuBiI4. (b) 
Schematic of crystal cell of CuBiI4 with cubic structure and the dimensions (a= 12.134 Å). (c)-
(d) Copper and bismuth ions are represented in polyhedral respectively.33   
The unit cell of CuBiI4 with the cubic structure is densely and symmetrically. Both copper 
and bismuth metal ion in the unit cell displays a polyhedron of iodides.27 Copper is in the form 
of a cation of four-coordinated with the tetrahedral iodide groups and a bismuth cation is six-
coordinated with the hexahedral iodide groups (Figures 3c-3d). 
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The absorbance increased with the increase of the precursor concentration as shown in 
Figure 4a. As shown in the Tauc plot from the UV absorbance spectrum (Figure 4b), we 
obtained an energy band gap (Eg) of 2.67 eV for CuBiI4 assuming a direct band gap. In order 
to determine the energy band structure of CuBiI4, photoelectron spectroscopy in air (PESA) 
was used to measure valence band energy (𝐸𝑣) level (Figure 4c).   
 
 
Figure 4. (a) UV/Vis spectra of copper bismuth iodide film. (b) Tauc plot from absorbance 
spectra. (c) Photon energy yield spectra in air.  (d) PL decay curves of CuBiI4 depending on 
varied precursor solution concentration.33 
The spectrum shows that 𝐸𝑣 is at -5.68 eV. The conduction band energy level was found to 
be about -3.01 eV estimated by the equation 𝐸𝑔 = 𝐸𝑣 − 𝐸𝑐 . Additionally, as many other 
bismuth based active materials, such as silver bismuth iodide16 and double perovskite 
Cs2AgBiBr6,11 CuBiI4 also presented weak indirect absorption from around 500 nm to 680 nm 
below the direct energy gap, which is mainly due to the involved change of momentum during 
the transition of carriers. 
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As shown in Figure 5a, the scanning electron microscopic (SEM) images illustrates a dense, 
uniform and pin-holes free copper bismuth iodide film with about 300nm size crystal grains at 
0.7 M precursor solution concentration, which demonstrates that SVA after one-step spin-
coating leaded to high quality crystals. Table 1 shows that the average grain size increased 
with the concentration, which is consistent with the reported MAPbI3 film dealt with SVA.29 
Precisely, the average grain size increased from 130 nm for 0.4 M to 300 nm for 0.7 M. Large 
grain size made the photoluminescence life time larger, which were obtained by the fitted 
stretch exponential decay function with curves (Figure 4d). As shown in Table 1, the obvious 
increase from 0.23 ns to the highest 3.03 ns at 0.7 M was observed, because of the smaller 
defect densities in the larger crystallites.30 
Table 1. Average PL life time, grain size and thickness of CuBiI4 as a function of 
concentration.33 
 
Table 2. Carrier mobility, carrier density and resistivity of CuBiI4 as a function of precursor 
concentration.33 
Concentration (M) 0.4 0.5 0.6 0.7 
Carrier (cm-3) 2.47×1014 5.75×1014 6.03×1014 6.56×1014 
Mobility (cm2/Vs) 33.3 48.2 88.4 110 
Resistivity (Ωcm) 7.59×102 2.25×102 1.17×102 0.862×102 
 
Moreover, mobility and carriers density were also measured by Hall Effect. As shown in 
Table 2, hall mobility increase with the increase in precursor concentration. An excellent 
carrier mobility µ=110 cm2/Vs was obtained. It demonstrates that gain size of copper bismuth 
iodide plays an important role in the carrier life time and mobility, which are beneficial for 
photovoltaic performance.  
Concentration (M) 0.4 0.5 0.6 0.7 
Thickness (nm) 150 196 245 303 
Average in-plane grain size (nm) 130 191 242 300 
＜τ＞ (ns) 0.23028 0.823027 1.66747 3.03371 
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The energy band diagram of devices illustrates (Figure 5b) that the energy level for TiO2 
and Spiro-OmeTAD are suitable for CuBiI4 as electron selective layer and hole transport layer 
respectively. When exposed to light, the generated electron-hole pairs inside absorber layer can 
be separated and transported in devices. Precisely, electrons are selectively injected from the 
conductive band of CuBiI4 (𝐸𝑐: -3.01 eV) into TiO2 (𝐸𝑐: -4.0 eV) and then collected by FTO 
electrode (𝐸𝑐: -4.4 eV), meainwhile holes are selectively transported from valence band of 
CuBiI4 to Spiro-OMeTAD and finally collected by gold electrode.3, 28 
The structure of the device is composed of five layers including FTO, compact-TiO2, 
mesoporous-TiO2 with the filled CuBiI4, Spiro-OMeTAD and gold electrode. The performance 
of devices is as a function of the concentration of the precursor solution (0.4-0.7 M). Figure 
5c and Figure 5d illustrate the relationship between the power conversion efficiency (PCE) 
and the precursor concentration.  
 
Figure 5. (a) SEM image of CuBiI4 film and (b) Band structure of devices, mesoporous TiO2,  
CuBiI4 and FTO layers. Devices performance including (c) PCE, Jsc and (d) FF, Voc as a 
function of concentration of the precursor solution.33  
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The increase in PCE is mainly due to the enhancement of short-circuit current density (Jsc). 
Crystal size has great effect on the amount of generated electron-hole pairs when exposed to 
light. J-V curves in two scan modes (forward and reverse) with illumination at 1 Sun are shown 
in Figure 6a. During the measurement, devices were covered with mask with light exposure 
area of 0.12 cm2. In forward scan mode (0V →0.7 V), the values of the Jsc, Voc and FF were 
found to be 2.19 mA/cm2, 0.63 V and 0.57, respectively. In reverse scan mode (0.7 V → 0V), 
Jsc, Voc and FF were 2.17 mA/cm2, 0.63 V and 0.59, respectively. The PCEs of the device in 
the forward as well as reverse scan mode were 0.82 % and 0.81 % respectively, which does not 
show obvious hysteresis phenomena reported frequently in the perovskite solar cells31, 32. The 
Incident Photon to Current Efficiency (IPCE) also emerged at about 465 nm wavelength, which 
closely supports the direct energy gap with 2.67 eV (Figure 6b).  
 
Figure 6. (a) J-V curve of CuBiI4 device (using 0.7 M CuBiI4 solution). (b) IPCE and integrated 




The integrated photocurrent density closely matched with the Jsc. The copper bismuth iodide 
with relatively wide energy gap (2.67 eV) possessed comparable efficiency of 0.82 % with 
other bismuth based material, which as well as the >40 % appreciable IPCE within the range 
300-465 nm. 
Finally, the operational stability were tested in ambient conditions with complete devices 
without encapsulation. Data were recorded every 168 hours. As shown in Figure 6c and Figure 
6d, the PCE of devices maintaining 89 % level over 1008 hours showed an excellent stability. 
Since, CuBiI4 film shows almost no degradation after such long-term storage in air, the mainly 
reason for the decrease of PCE may be the instability of Spiro-OMeTAD. Under encapsulation, 
more stable cell performance is expected. 
5.3 Conclusions 
Solution-processed copper bismuth iodide films were fabricated using a single-step spin-
coating followed by SVA and post-annealing under low temperature. The HI acid assisted 
DMA solvent dissolved CuI and BiI3 powder and made solution clear. To overcome the 
reported pinhole inside the final film, SVA was applied. These devices showed a very long-
term stability under air atmosphere. X-ray diffraction spectrum illustrated the high-index facets 
as well as low-index facets in [1, 1, 1] direction, which demonstrates the high quality crystal 
grains. Also, the cubic crystal cell with lattice constant observed showed that both copper and 
bismuth ions are in the form with four-coordinated and six-coordinated of iodide respectively. 
The average grain size of CuBiI4 increased with an increase in concentration of the precursor 
solution, which, greatly made PL life time longer from 0.23ns to 3.03 ns at 0.7 M and increased 
the carrier mobility to an appreciable value of 110 cm2/Vs.  We also notice that the 
concentration of precursor solution played an important role in the performance of devices by 
obviously increasing short-circuit current density. 
The obtained 0.8 % efficiency is also comparable with those bismuth based solar cells 
recently reported. The novel preparation method on CuBiI4, may provide a general method for 
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In this thesis, the harvesting layer of devices were optimized in three different ways 
including incorporation mesoporous Ti electrode, hetero-dimer plasmon and using bismuth 
copper iodide material with the aim of reducing the cost and toxic lead, which are environment 
friendly and beneficial for commercial application. 
The incorporation of mesoporous Ti electrode enabled the effective TCO less back-
contacted SCs with 3.9 % efficiency, in which the native oxide on the Ti surface immediately 
made a role of selective electron collection, while the filled perovskite crystal inside porous Ti 
paved the way to transport holes, which were finally collected by back electrode. This 
architecture avoided the transmission loss caused by TCO, and showed a long-term stability. 
The formation of network-like porous Ti electrode.  This was accomplished by sputtering Ti 
on TiO2 layer with bigger particle size. 
Ultralthin perovskite layer with the embedded silver-gold hetero-dimer greatly enhanced the 
absorption especially within the range 550-800 nm. The 150 nm thickness perovskite with Ag-
Au NPs was comparable with the absorption of perovskite with 350 nm thickness. Perovskite 
film with the hetero-dimer processed higher light absorption than that with homo-dimers, 
because of the both radiation effect in the ends area and the strongly enhanced optical field 
localized in junction area. It overcame the vanished 𝜎∗ mode of homo-dimers. About 28.15 % 
improvement of light-harvesting of perovskite embedded hetero-dimer compared to the 
reference film were obtained, which was higher than the reported 10 % of homo-dimers. In 
addition, thin silica shell of dimer was recommended, because of the confinement effect. These 
results provide a significant meaning to further optimize the optical property of devices and 
also reduce the amount of absorbing material, especially to reduce the toxicity of lead in 
perovskite-based devices.  
The non-toxic bismuth based metal halide material were prepared to replace the toxic lead 
based material. X-ray diffraction spectrum illustrated the high-index facets as well as low-index 
facets in [1, 1, 1] direction, which demonstrated the high quality crystal grains. High 
concentration of the precursor solution increased the average grain size, which meanwhile, 
greatly enlarged PL life time and carrier mobility. The concentration of the precursor solution 
played an important role in the performance of devices by increasing short-circuit current 
density. These devices showed very long-term stability under air atmosphere. 
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These studies on the harvesting layer of metal halide SCs may provide a great meaning in 





The future studies on the active layers to further reduce the cost of device and overcome the 
toxic lead in conventional perovskite SCs may be focused on the following three aspects. 
The possibility of incorporation of high conductivity porous metal electrode such as Zn 
instead of Ti could further improve the power conversion efficiency. The native oxide (ZnO), 
which has higher mobility than TiO2, may enhance the extraction of the generated electrons 
and reduce the carriers recommendation rate. Due to the directly exposed to light without the 
energy loss by TCO, the high photovoltaic performance could be expected.    
 To reduce the thickness of MAPbI3 layer and realize the ultralthin devices, the recent 
colloidal technology opens up new opportunities for a possible low-cost and easy preparation 
method. Metal dimers can be synthesized by colloidal approach in buffer solution, in which 
gap distance can be tuned by changing the length of conjugated molecular (ss-DNA), and silica 
shell can be introduced by adding a silane coupling agent (e.g. 3-aminopropyltrimethoxysilane, 
APS). Random hetero-dimer with silica shell may can be dispersed on substrate and the space 
will be filled with perovskite by spin-coating. 
 The completely replacement of lead-base metal halide material depends on the 
improvement of efficiency of non-toxic bismuth based materials. Relatively low bandgap by 
developing other possible cation in bismuth based materials is needed to overcome the lack of 
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